INTRODUCTION
The hemocytes of insects are synthesized in hemopoietic organs, then released into hemolymph, and exist in a floating state. Hemocytes have been reported to be related to body defense as well as to injury repair [1] [2] [3] [4] [5] [6] [7] [8] [9] . They are also known to participate in the dissociation of tissues and organs no longer necessary at the metamorphosis stage [10] [11] . The hemocyte density of silkworms greatly changes according to the silkworm's developmental stage [12] [13] [14] [15] . Such changes are considered to reflect the changes in physiological functions. To investigate the changes of the hemocyte density after destroying the hemopoietic organs, Nittono et al . 16 ) used a hot-needle to prick the hemopoietic organs, and then used heat to kill them. However, this method caused a high mortality rate as well as a postoperative delay in growth. Gamo et al. 13) injected a radioisotope into the body of the larvae to irradiate the organ from inside. Except for the hemopoietic organs, all tissues and organs were exposed, and it was therefore difficult to analyze what effect the destruction of the hemopoietic organs alone caused. Heavy-ion beams have a high linear energy transfer (LET), and the range of ion beams in the target materials can be controlled. Accordingly, a significant amount of energy can be deposited on the focal point of materials exposed to an ion beam. Taking advantage of these characteristics, various studies on cell inactivation and genetic changes induced by ion beams have been performed [17] [18] [19] [20] , although such a study has scarcely focused on insects. Until recently, a heavy-ion radiosurgical technique that is applicable to functional analyses of insect tissues and organs was established, and it has proven to be a valuable tool for radiation research 21) . Because the hemopoietic organs of lepidopterous insects, such as the silkworm, are located near the wing discs in the thorax 16, [22] [23] [24] , it is possible to disrupt the function of the hemopoietic organs with this radiosurgery technique. To reveal the influences of heavy-ion radiosurgery on the hemopoietic functions of silkworms, the hemopoietic organs of silkworm larvae were locally irradiated with carbonion beams, and the changes in the hemocyte density, along with the effect on the hemocyte function, were investigated.
MATERIALS AND METHODS

Insects
Larvae of the pigmented non-diapausing mutant of the silkworm Bombyx mori were used. The larvae were bred in an incubator at 25 ° C, 70% humidity under 16 hours of light followed by 8 hours in the dark.
Heavy-ion radiosurgery on hemopoietic organ:
The depth-control plant seed irradiation equipment currently installed in the Takasaki Ion Accelerators for Advanced Radiation Application (TIARA) at the Japan Atomic Energy Research Institute (JAERI), Takasaki Research Institute, was used for radiosurgery. Heavy-ion beams accelerated by the AVF cyclotron were scanned at more than 50 × 50 mm, and exited the vacuum chamber through a beam window made of a 30 µ m thick titanium foil. The irradiation sample was placed at a distance of 10 cm from the beam window. The air gap between the beam window and the sample was filled with helium gas in order to decrease the loss of energy of heavy ions. Carbon ions ( 12 C 5+ , 18.3 MeV/u, range=1.1 mm) were applied. In this experiment, the mean LET was 116 KeV/ µ m, and the range (calculated as the water equivalent) was 1.1 mm, both of which were chiefly calculated by the ELOSSM code 25) . We used larvae on the 3rd day of the 4th instar and also on days 1 to 3 of the 5th instar for the experiments. For radiosurgery on the hemopoietic organs, an acrylic resin plate with 4 mm diameter holes was used, and the hemopoietic organs in the 2nd and 3rd segments were exposed to heavy-ion beams through the holes 21) . The thickness of the plate was 2.0 mm, and the range in the water of the carbon ion beams for the radiosurgery was about 1.1 mm. Thus, it was possible for the plate to shield out carbon ions. In fact, it has been proven by using the ion track detector Harzlas TNF-1 (modified CR-39, Nagase Landauer, Japan) that carbon ions were completely kept out by the acrylic resin plate. The distance from the skin surface to the hemopoietic organs was about 0.3 mm, and the thickness of the hemopoietic organs for irradiation was about 0.4-0.5 mm. The carbon-ion beams could pass through the hemopoietic organs. To destroy all of the hemopoietic organs on both sides, the left ones were irradiated first, followed by the right. Unilateral radiosurgery was applied only to the left organs. A variety of doses covering 50-400 Gy carbon ions were used for the present study. The irradiated larvae were fed a commercial artificial diet (Nihon Nosankogyou Inc., Japan).
Investigative method
After irradiation, the hemopoietic organs were taken out and observed with an electron microscope. The hemolymph of the larvae was collected every 24 hours from the newly 4th-exuviated larvae stage to the wandering stage. A hemocyte density (total hemocyte count per mm 3 ) measurement was performed using a THOMA blood cell counter to obtain a mean value from 5-6 individuals. Fluorescent labeling was applied by using a LIVE/DEAD Reduced Biohazard Viability/Cytotoxicity Kit for Animal Cells (Molecular Probes). Statistical tests of significance were performed by the student's t-test.
RESULTS
Observation of hemopoietic organs after carbon-ion radiosurgery
Radiosurgery was performed on the 3rd day of the 4th instar of silkworms with 100 Gy carbon ions, afterwards, the hemopoietic organ was observed under an electron microscope. Fig. 1A shows that the unirradiated hemopoietic organs were covered with a membrane and the hemocytes inside could be clearly observed. In contrast to the picture in Fig. 1A , the membrane of the irradiated hemopoietic organ had completely disappeared; with the nuclei dispersed randomly, the cells showed an abnormal morphology, and cells with different electron densities were observed in abundance (Fig. 1B) .
Changes of the hemocyte density after carbon-ion radiosurgery
The hemopoietic organs of silkworm larvae were locally irradiated with 50~300 Gy of carbon ions on the 3rd day of the 4th instar (Fig. 2) . The hemocyte density of the unirradiated controls was 3,000 per mm 3 at the newly 4th-exuviated stage, rose to 4,500~5,000 per mm 3 on the 3rd day of the 5th instar, and increased rapidly to 8,000~9,000 per mm 3 at the wandering stage. However, when the hemopoietic organs were locally irradiated with carbon ions, the hemocyte density stayed constant at about 3,000 per mm 3 up to the 3rd day of the 5th instar. From the 4th day of the 5th instar, the hemocyte density gradually increased, and reached 6000 per mm 3 at the wandering stage, significantly lower than those of the controls (p<0.01). The irradiation of 50~300 Gy had essentially the same suppressive effect on the hemocyte density (p>0.05).
Influence of carbon-ion radiosurgery at different developmental stages
The hemopoietic organs of larvae were locally irradiated with 100 Gy of carbon ions on the 1st, 2nd, and 3rd days of the 5th instar, and subsequent changes in the hemocyte density were investigated (Fig. 3) . No matter when radiosurgery was performed, the hemocyte densities decreased for a while, and then gradually increased up to the wandering stage. On the other hand, the hemocyte densities at the wandering stage were still significantly lower than those of the untreated controls (p<0.01). Carbon-ion radiosurgery at the early stage compared with the later stage caused significant suppressive effects (p<0.01 or p<0.05, respectively). Due to radiosurgery, the growth of the silkworm larvae irradiated on the 1st day of the 5th instar was slow, and was delayed for about one day compared to the control (Fig. 3) .
Unilateral radiosurgery of the hemopoietic organs
The hemopoietic organs of silkworms lie on both sides of the body at the 2nd and 3rd segments. We observed the changes in the hemocyte density after irradiation of only the left hemopoietic organs (Fig. 4) . The hemocyte densities obtained from unilateral irradiation at the 4th day of the 5th instar, or during the wandering stage, were significantly lower than those of the unirradiated controls (p<0.05), but were significantly higher than those obtained from bilateral irradiation (p<0.05); that is the intermediate value between the unirradiated control and bilateral irradiation. 
The percentage of dead hemocytes in the hemolymph after carbon-ion radiosurgery
Using a fluorescent dye, we easily identified the dead hemocytes, which showed up under the dye as red cells; the live cells showed up as colored green (Fig. 5) . The proportion of dead cells in the unirradiated control was about 1% during the 5th instar (Fig.  6) . When 100 Gy of the carbon-ion irradiation was performed on the 3rd day of the 4th instar, the percentage of dead cells increased with growth, and reached 2~3% at the wandering stage (Fig. 6) , which was significantly higher than those of the controls (p<0.01).
DISCUSSION
To investigate the changes in the hemocyte density after destroying the hemopoietic organs, several methods, one employing a hot needle, and another using a radioisotope, have been tested 13, 16) . The results obtained were equivocal, because the hot needle caused wide-spread damage, and the radioisotope could not be specified to a particular organ. Radiosurgery employing local irradiation with heavy ions is a special technique to destroy an internal organ or tissue in a living organism 21) , which does not cause bleeding, and only the irradiated sites suffer damage (Fig. 1) , and can therefore be considered as an effective means in analyzing the physiological function of the hemopoietic system of insects. To evaluate the biological effects of heavy-ion radiosurgery on the hemopoietic system of silkworm larvae, hemopoietic organs were locally irradiated with carbon ions, and the subsequent effects on the hemocytes density and on the hemocyte function were investigated.
The silkworm hemocytes can be classified into five types: proleucocytes, granular cells, oenocytoids, plasmatocytes, and spherule cells 14, 22) . Taketa & Tanaka 15) reported that the 5 types of hemocytes all decreased when the hemopoietic organs were irradiated. Thus, in this paper we only discuss the changes in the hemocyte count. We found that the suppressive effect on hemocyte densities with doses of 50 Gy to 300 Gy of carbon ions were almost the same (Fig. 2) (p>0.05) . We therefore assume that 50 Gy is more than enough to suppress the hemopietic functions of the hemopoietic organs in silkworm larvae. When larvae were irradiated with 400 Gy of carbon ions, none of the irradiated larvae molted. It may be that the high dose affected the ecdysial gland near the dermal layer of the skin. When hemopoietic organs were irradiated at different developmental stages, it was found that carbon-ion irradiation at the early stages compared to the later stages had significant suppressive effects on hemocyte density (Fig. 3) . Essentially the same results were obtained from silkworm eggs irradiated with gamma-rays 26) . The density of hemocytes decreased temporarily after irradiation in the 5th instar (Fig. 3) . The reason is that the supply of hemocytes is limited due to the destruction of hemopoietic organs (see Fig. 1 ), or that hemocytes assemble together at the periphery of injured tissues or cells to facilitate healing or repair 7) . Therefore, the number of free hemocytes in the hemolymph seems to decrease. When irradiation was applied to the dorsal side of the 7th segment, the hemocyte density also temporarily decreased, although it finally attained the same level as the control (data not shown). This result also supports the assumption mentioned above.
The reason why hemocytes increased at the later stage of the 5th instar is not clear at present, but one possibility is that the hemocytes which were spread throughout the body could have escaped from irradiation, and could thus easily enter mitosis. In fact, the cell division of the hemocytes in the hemolymph has already been observed, although the frequency of this occurring was low 27) . When larvae were injured, the frequency of hemocyte mitosis increased remarkably [28] [29] . Another possibility is that, as mentioned above, hemocytes which gather around the injured hemopoietic organ can produce hemocytes there again. Concerning the reason why the hemocyte density increased at a later stage of the 5 th instar, the effects of heavy-ion radiosurgery on the immune function, as well as the effect of a hemocyte decrement on metamorphosis, studies are presently being conducted.
To investigate the functional change of the hemocytes after irradiation, fluorescent dye staining was applied. The kit used was a two-color fluorescent assay for animal cells: a highly membrane-permeable green fluorescent nucleic acid stain that labels all cells, and a cell-impermeable red fluorescent nucleic acid stain that labels only compromised membranes. The basic principle is differential permeability of live and dead cells to a pair of fluorescent stains. The fluorescent-dye result showed that the percentage of dead hemocytes was significantly higher in irradiated larvae than in the unirradiated controls (Figs. 5A & 6) . Furthermore, besides the dead hemocytes, which were stained red, many yellow hemocytes were also observed in the later 5th instar stage (Fig. 5B) . We guessed that after irradiation, the permeability of some cells changed, and thus a slight amount of red stain could enter the cells, the cells were then stained together with green stains, so yellow was visible. The results showed that heavy-ion radiosurgery also influenced the function of the hemocytes.
When a unilateral removal of the silk-gland in silkworm larvae was performed, a phenomenon known as compensation growth usually occurred [30] [31] . For unilateral radiosurgery of the hemopoietic organs, the hemocyte densities of larvae were found to be significantly lower than these of the controls, but remarkably higher than those of the bilaterally irradiated larvae (Fig. 4) . In contrast to the previous studies, our study indicated that unilateral carbon-ion radiosurgery did not induce compensational growth of the hemopoietic organ on the other side of the thorax.
In conclusion, our studies showed that after performing heavy-ion radiosurgery on the hemopoietic organ, the hemocytes density decreased; simultaneously, the functional depressed hemocytes and dead hemocytes increased. Radiosurgery given to larvae at early stages compared to later stages had a significant suppressive effect on the hemocyte densities. Unilateral radiosurgery did not induce compensational growth of the hemopoietic organs on the other side of the thorax.
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